The splicing machinery is largely conserved in eukaryotic cells. However, compared to budding yeast, where critical splicing signals are nearly invariant, higher eukaryotic cells rely on auxiliary factors to help define functional splice sites that are only loosely conserved. Most genes in higher eukaryotic cells also undergo alternative splicing, which is subject to regulation by a variety of RNA binding proteins (2) . SR proteins are unique to higher eukaryotes and are among the best-characterized RNA binding proteins involved in both constitutive and regulated splicing (29, 31, 48) . Intensive biochemical analysis in the past 2 decades has established that the RNA recognition motifs (RRMs) of SR proteins are responsible for sequence-specific binding to the pre-mRNA, whereas the RS domain appears to mediate both protein-protein and protein-RNA interactions during the splicing reaction (17, 39) .
Individual SR proteins exhibit distinct RNA binding specificities for various exonic splicing enhancers (ESEs), a second code in higher eukaryotic genomes that is critical for defining functional splice sites. In many cases, multiple SR proteins bind to several ESEs within the same exon, which is thought to provide redundant functions to ensure constitutive splicing against variation of SR proteins in different cell types and tissues. However, it has become abundantly clear that individual SR proteins are not functionally redundant in vivo (1, 4, 30) . Because exons are short whereas introns are highly variable in length, functional splice sites in most mammalian genes are initially recognized by the exon definition mechanism, in which ESE-bound SR proteins promote U2AF recognition of the 3Ј splice site and U1 binding to the downstream 5Ј splice site across the exon (16) . Initial exon definition complexes are then switched to intron definition complexes to facilitate spliceosome assembly events across the upstream intron, and SR proteins have been shown to contribute directly to both exon definition and the subsequent intron definition process (8) .
In regulated splicing, SR proteins are best known for their ability to promote exon inclusion by binding to ESEs and enhancing the communication between the two most proximal 5Ј and 3Ј splice sites, thus ensuring that multiexon-containing genes are spliced in a linear order (20) . However, a number of studies have also documented SR protein-dependent exon skipping events (3, 9, 22, 27, 40, 41) . The best-characterized mechanism for SR protein-induced exon skipping is through an intronic binding site, which triggers the formation of splicing-like complexes on a decoy exon, thereby interfering with the recognition of nearby functional splice sites (3, 22) . In other cases, SR protein-dependent exon skipping appears to be still dependent on ESEs, and different SR proteins show opposite activities in promoting exon inclusion or skipping on the same genes (9, 10, 27, 35, 40) . These findings raise a general question of whether SR protein-mediated exon inclusion or skipping events utilize fundamentally distinct mechanisms. Further adding to the complexity of the problem is the recently documented effect of SR proteins on transcriptional elongation (28) , which may influence kinetic coupling between transcription and cotranscriptional RNA splicing (25) . For example, reduction of an SR protein may impair the selection of an alternative exon through its splicing activity, and this effect may be counteracted by reduced polymerase II processivity on the same gene, therefore affording a certain kinetic advantage on the selection of the upstream alternative exon.
Here, we used the CaMKII␦ gene as a model to understand the mechanism underlying SR protein-mediated exon inclusion or skipping. The CaMKII␦ gene is well characterized as undergoing tissue-specific alternative splicing, involving three alternative exons (exon 14, 15, and 16) (see Fig. 1A , below), to generate several kinase isoforms that are differentially targeted to different cellular compartments in the heart and neurons (19) . Our previous work demonstrated that in vivo depletion of the SR protein SRSF1 induced the inclusion of exons 15 and 16, and the resultant CaMKII␦ isoforms were targeted to myocardial tubes, triggering a hypercontraction phenotype in the heart (45) . By analyzing mouse embryo fibroblasts (MEFs) derived from conditional knockout mice, we found that transient withdrawal of either SRSF1 (SF2/ASF) or SRSF2 (SC35) induced exon 15 and/or 16 inclusion. Functional dissection of this model now reveals a new rule for SR protein-mediated exon inclusion or skipping, which depends on where a specific SR protein binds to the alternative or a flanking constitutive exon and on collaboration with at least one other SR protein.
We also utilized the CaMKII␦ gene to learn how SR proteins contribute to tissue-specific alternative splicing in collaboration with other tissue-specific RNA binding splicing regulators. We found that overexpression of a Fox protein (now renamed RBFOX) or depletion of an SR protein each partially induced CaMKII␦ alternative splicing in MEFs, but a combined treatment fully reconstituted the splicing pattern of the CaMKII␦ gene, as observed in developing heart where RBFOX1/RBFOX2 are highly expressed and SR proteins are in low abundance. Consistently, overexpression of SRSF1 in neuroblast P19 cells impaired the isoform switch of the CaMKII␦ gene induced by retinoic acid (RA). Significantly, the RA-induced cell differentiation program was also severely compromised by augmented expression of the SR protein, likely due to multiple other altered splicing events. Collectively, these findings suggest that synergistic actions of SR proteins and other splicing regulators play critical roles in establishing tissue-specific splicing programs in development.
MATERIALS AND METHODS
Cell culture. SRSF2-and SRSF1-deficient MEFs derived from conditional SRSF2 and SRSF1 knockout mice were engineered to express an exogenous SR protein from a tet-off promoter as described previously (30, 44) . The MEFs were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% tet-free fetal bovine serum (FBS) and antibiotics. Depletion of exogenous SR proteins was performed by addition of 10 g/ml of doxycycline (Dox) for 5 days.
Plasmid construction and mutagenesis. All DNA constructs used in this study were confirmed by sequencing. The chimeric minigene, DUP4CX, was derived from DUP4-1 (32) , in which human ␤-globin exons were fused to the cytomegalovirus (CMV) promoter. Mouse CaMKII␦ exons 13, 14, 15, 16, or 17 were amplified by PCR and inserted into ApaI-BglII site between human ␤-globin exon 1 and exon 2 of DUP4-1. pcDNA3 (Invitrogen) was used as a parent plasmid to construct CAM15/16 plasmids. The insert encoding the exons and the truncated introns of the CaMKII␦ gene was constructed without disturbing the endogenous splice sites and fused to pcDNA3. The CaMKII␦ minigene was expressed by a CMV promoter. To make the CAM16 plasmid, CAM15/16 plasmid was digested with EcoRV and ApaI and then the EcoRV-ApaI fragment was purified with a gel extraction kit (Qiagen). CAM15/16 plasmid was digested with NheI, followed by treatment with Klenow fragment and digestion with ApaI. The linearlized plasmid was ligated with the gel-purifed EcoRV-ApaI fragment. Mutagenesis of CAM16 and CAM15/16 was performed with the QuikChange sitedirected mutagenesis kit (Stratagene). The mutant plasmids were also confirmed by sequencing.
To construct the splicing reporters that carry two MS2 binding sites in each exon of DUP4-16, an AgeI site was introduced into each exon by site-directed mutagenesis. Two sets of oligonucleotide pairs, each carrying two wild-type (wt; 5Ј-CCGGT cgtaca ccatca gggtac gctgca gtcgac ttcgcg tacacc atcagg gtacgA-3Ј and 5Ј-Tcgtac cctgat ggtgta cgcgaa gtcgac tgcagc gtaccc tgatgg tgtacg ACCGG-3Ј) or mutant (5Ј-CCGGT cgtacc catcag ggtacg ctgcag tcgact tcgcgt acccat cagggt acg A-3Ј and 5Ј-Tcgtac cctgatg ggtacg cgaagt cgactg cagcgt accctg atgggta cgACCG-3Ј) MS2 binding sites were annealed and ligated into the AgeI site in each parental plasmid. Sequence portions shown in lowercase letters are MS2 sequences, and portions in uppercase letters are AgeI restriction sites. All constructs were confirmed by sequencing.
Transfection and reverse transcription-PCR (RT-PCR).
The MEFs were cultured in 60-mm plates to 50 to 60% confluence in the presence or absence of Dox for 3 days and transfected with 2 g of a minigene reporter in the absence of FBS at 37°C for 4 h. At 4 h posttransfection, the medium was replaced by DMEM supplemented with 10% tet-free FBS and antibiotic, and the MEFs were cultured for 48 h in the presence or absence of Dox. Total RNAs were extracted from the MEFs by using TRIzol, and 1 g of the total RNA was used to synthesize cDNA with SuperScript III (Invitrogen) according to the manufacturer's instructions. PCR was performed using 1 l of the cDNA in 50-l reaction mixtures with TaqGold (Roche) and analyzed using 2% agarose gel eletrophoresis.
Nuclear extract preparation and UV cross-linking assay. Preparation of MEF nuclear extracts was performed as described previously (18) . Individual CaMKII␦ exons and intron were in vitro transcribed and internally labeled with [ 32 P]UTP. Each labeled RNA was incubated with the nuclear extract under splicing conditions for 10 min and UV-cross-linked at 800 kJ for 10 min on ice, followed by anti-hemagglutinin (HA) immunoprecipitation and analyzed by SDS-PAGE.
Neuronal differentiation of P19 cells. Both P19 and SRSF1-overexpressing P19 cell lines were differentiated by addition of retinoic acid, and neuronal differentiation was monitored by analyzing the neuronal marker Mash1 by RT-PCR and immunofluorescence analysis with the neuron-specific anti-␤-III tubulin antibody. Expression of CaMKII␦ isoforms was measured by RT-PCR with specific splice junction primers.
RESULTS
Induction of SR protein-dependent CaMKII␦ exon skipping in MEFs. We previously established that conditional knockout of the SR protein SRSF1 induced exon inclusion of the CaMKII␦ gene in the heart (45) . To determine whether this effect reflects a general function of SR proteins on the CaMKII␦ gene, we employed MEFs derived from conditional SRSF1 and SRSF2 knockout mice to test CaMKII␦ mRNA isoform switch in response to SR protein depletion, which could be accomplished by the addition of Dox to culture medium (Fig. 1B) . Total RNA was extracted from Dox-treated wt and conditional knockout MEFs, and the expression of individual CaMKII␦ isoforms was measured by RT-PCR or real time PCR using specific exon junction primers. We detected the predominantly skipped isoform (exon 13 directly linked to exon 17) in both wt and conditional knockout MEFs (Fig. 1C) , consistent with the splicing pattern of the CaMKII␦ gene in nonneuronal cells (38) . However, by amplifying cDNAs with a higher PCR cycle, we clearly detected Dox-induced inclusion of the alternative exon 16 in SRSF2-depleted MEFs and double inclusion of exons 15 and 16 in SRSF2-depeleted cells ( Fig.  1C and D) . We also detected variable inclusion of exons 15 and 16 in SRSF1-depleted MEFs, but the effect was not statistically significant ( Fig. 1C and D) . Much more robust induction of exon inclusion was seen with CaMKII␦-derived minigenes in 794 HAN ET AL. MOL. CELL. BIOL.
transfected cells (see below), likely reflecting some chromatinrelated effects on cotranscriptional RNA processing. These data demonstrated an increase in exon inclusion in response to transient depletion of SR proteins in MEFs, as we observed in developing heart, suggesting that SR proteins are similarly involved in regulated CaMKII␦ splicing in different cell types. Interestingly, we noted that, in MEFs depletion of SRSF2 was more efficient than SRSF1 in inducing CaMKII␦ splicing, whereas depletion of SRSF1 had a much stronger effect in developing heart (45). These differences imply that different SR proteins may have quantitatively distinct activities in regulated splicing of the same genes in different cell types, perhaps due to the presence of other tissue-specific splicing regulators that render differential sensitivity of SR proteins in the regulation of different splicing events. Importantly, the current results establish an inducible model for dissecting the mechanism underlying SR protein-dependent exon skipping in mammalian cells.
Portable SR protein-dependent exon skipping events. To approach SR protein-dependent exon skipping, we first examined potential cis-acting elements within alternative and flanking constitutive exons in the CaMKII␦ gene. Using the ESEfinder program (http://exon.cshl.edu/ESE), we identified multiple putative SR protein-responsive elements in each exon, particularly in the alternative exon 16, which appears to contain even stronger ESEs than the downstream constitutive exon 17 ( Fig. 2A) . Because ESE activities are well known to subject influence by the sequence context (11), we experimentally determined the relative strength of individual exons, and more importantly, tested whether the regulatory information on individual exons was transferable, by cloning each exon into a splicing reporter derived from the human ␤-globin gene (pDUP4), in which the inclusion of the internal exon is strictly dependent on a functional ESE (33) (Fig. 2B ). The resulting chimeric constructs, which contained identical splicing signals in both upstream and downstream intronic regions, were individually transfected into wt MEFs, and their splicing patterns were analyzed by RT-PCR. Surprisingly, we detected full inclusion of exon 17, but no inclusion of exon 13, despite the fact that both of these exons are constitutively included in their native context. In comparison, we observed no, weak, and significant inclusion of exons 14, 15, and 16, respectively (Fig.  2C) . As the inclusion of each test exon in the reporter altered the reading frame of the globin reporter, we examined the splicing pattern in the presence of the translational inhibitor cycloheximide and detected the same splicing pattern, indicating a lack of nonsense-mediated RNA decay (NMD) effects on the reporter system in transfected cells.
To determine whether this gradient in splicing strength is correlated with SR protein binding on individual exons, we performed UV cross-linking experiments with nuclear extracts prepared from conditional knockout MEFs in which exogenous SRSF2 and SRSF1 were each expressed as an HA-tagged fusion protein (Fig. 1B) . Uniformly labeled exonic sequences were incubated under splicing conditions followed by UVinduced cross-linking and anti-HA immunoprecipitation. We found that only exon 17 was bound to a detectable level by both SRSF2 and SRSF1 (Fig. 2D) , suggesting that ESEs in exon 17 are, indeed, much stronger than those in exon 13 through exon 16. The lack of detectable SRSF1 or SRSF2 protein binding to exon 16 suggests that either the binding assay was not sufficiently sensitive compared to the reporter assay or the splicing activity of the reporter might be due to other SR proteins.
To establish the function of the deduced ESEs in mediating exon inclusion in the reporter assay, we mutated the ESE for SRSF1 in exon 16 or two ESEs for SRSF2 in exon 17 (see Fig.  3D , below), and we observed that inactivation of the SRSF1 ESE in exon 16 (mut 16) impaired exon inclusion, while mutations in exon 17 had no effect (Fig. 2C, right panel) . These results indicate that the ESE for SRSF1 in exon 16 may have ) by real-time PCR, quantification of the isoform was based on the specific band on the gel, which was first normalized against glyceradehyde-3-phosphate dehydrogenase (GAPDH) and then against the major skipped isoform (E13 to E17). Error bars are based on three independent experiments. Statistical significance was determined by a two-tailed t test, and the significant changes are labeled.
VOL. 31, 2011 SR PROTEIN-DEPENDENT EXON SKIPPING 795 measurable activity in the reporter assay, while multiple functional ESEs in exon 17, as indicated by the UV cross-linking result (Fig. 2D, right panel) , may provide redundant functions to ensure efficient inclusion of this constitutive exon (this was further established by mutagenesis on the CaMKII␦-derived minigenes, as shown below in Fig. 3) . Importantly, the result of the reporter assay fully agrees with the well-established role of ESE-dependent exon inclusion, thus suggesting that there is no unusual property associated with the alternative exons, particularly exon 16, in the CaMKII␦ gene. We next asked whether the effects of ESE mutations on exon inclusion mirror the effect of SR protein depletion on the same reporter system. Paradoxically, we detected a modest enhancement in exon 15 inclusion in response to depletion of both SRSF2 and SRSF1 and a strong induction of exon 16 inclusion in SRSF2-depleted MEFs (Fig. 2E) . Thus, the effect of SR protein depletion is opposite to that with individual ESE mutants, as seen in Fig. 2C . These data suggest that the SR proteins under investigation may not solely act on the ESEs on exon 16, and the functional consequence of SR protein depletion may result from a more complex action mechanism, perhaps through ESEs on the globin exons, as previously elucidated (37) .
Mechanistic dissection of SR protein-dependent exon skipping. The ability to transfer the regulatory information by the alternative exons permitted us to focus on exonic sequences to dissect potential cis-acting elements in the CaMKII␦ gene. For this purpose, we constructed two CaMKII␦ minigenes, one containing the alternative exons 15 and 16 (CAM15/16) and the other carrying only the alternative exon 16 (CAM16).
Compared to the endogenous gene, the transfected minigenes responded robustly to SR protein depletion to include both alternative exons (Fig. 3A and B) . In the case of CAM16, the induction of exon 16 was almost complete upon in vivo withdrawal of SRSF2 or SRSF1 (Fig. 3B ). We performed a converse experiment on one of these minigenes (CAM16) by overexpression, and again, we observed enhancement of exon 16 inclusion upon SRSF2 and SRSF1 overexpression in transfected MEFs (Fig. 3C) . To our knowledge, this is the first report that depletion and overexpression of SR proteins can induce a splicing switch in the same direction, although it is important to keep in mind potential indirect effects in these in vivo analyses.
To understand why knockdown and overexpression of SR proteins both enhanced exon 16 inclusion, we initially attempted to use in vitro splicing with the CaMKII␦ minigene to investigate the underlying mechanism, but we could not detect any spliced products even though the globin pre-mRNA control spliced well under the same conditions. The poor splicing efficiency in cell extracts might be due to the weak exon 13, as indicated in the reporter assay. We therefore employed a mutagenesis approach (Fig. 3D) to determine specific ESEs responsible for SR protein-mediated exon skipping in the context of CAM16 and CAM15/16 minigenes in wt MEFs, which also avoided potential compensatory effects that might be induced by in vivo depletion or overexpression of SR proteins (26) . Consistent with the splicing reporter assay, we found that the SRSR1 ESE mutation (e16-S) on exon 16 impaired its inclusion ( Fig. 3E and F) , but this mutant continued to respond to SRSF1 depletion, resulting in full inclusion of the exon, as we observed with the wt reporter in SRSF1-depleted cells. This prompted us to consider the potential role of ESEs in the flanking constitutive exon 17 in mediating SR protein-dependent skipping of exon 16. Based on ESE predictions, we introduced a mutation in the ESE for SRSF1 and two mutations, either alone or in combination, in the ESEs for SRSF2 on exon 17. According to ESEfinder, the mutations selectively diminished the ESE we intended to disrupt (Fig. 3D) . We tested all these mutations in the CAM16 and CAM15/16 reporters. Indeed, opposite to the effect of the ESE mutation on exon 16, we detected enhanced inclusion of the alternative exons when the ESEs in exon 17 were inactivated (Fig. 3E and F) . Individual mutations in the SRSF2 ESEs had a small but detectable effect, but a combination of the mutations dramatically promoted exon 16 inclusion (Fig. 3E) . These findings reveal that, while the ESE in exon 16 mediates exon inclusion, the ESEs in exon 17 are responsible for SR protein-dependent exon skipping.
Demonstration of a location-dependent effect of SR proteins by MS2 tethering. To directly demonstrate the position-dependent effect of SR proteins, we employed the MS2 tethering strategy (13) by inserting two MS2 binding sites in the flanking constitutive exons or the internal alternative exon in the DUP4-16 reporter (Fig. 4A) . In each case, a mutant MS2 site was similarly introduced in all three locations as a control. The parental splicing reporter did not respond to the MS2 protein or the MS2-RS fusion protein, which carries the RS domain of the SR protein 9G8 (Fig. 4B) . Insertion of the MS2 binding sites in various locations in the reporter altered the size of the spliced products, but they did not respond to MS2 binding. In contrast, insertion of the MS2 binding sites in the constitutive exons induced skipping of the internal alternative splicing exon in response to the MS2-RS fusion protein, while the presence of the MS2 binding sites in the internal exon enhanced its inclusion (Fig. 4B) . The quantified results showed that the MS2-RS-induced exon skipping and inclusion were both dependent on the functional MS2 binding sites (Fig. 4C) .
Based on the results of the mutagenesis studies (Fig. 3 ) and the MS2 tethering assay (Fig. 4) , we concluded that SR protein-dependent exon skipping is mediated by the strong ESEs in the flanking constitutive exon(s). This finding is consistent with the recent CLIP analysis of SRSF1 binding in the human genome, where SRSF1 binding to downstream constitutive exons appears to correlate with exon skipping events in response to SRSF1 knockdown (36) . Together, these results suggest a unifying rule for SR protein-dependent exon inclusion or skipping, which depends on preferential SR protein binding on the internal alternative exon or on a flanking constitutive exon.
Reconstitution of CaMKII␦ tissue-specific alternative splicing in MEFs. The CaMKII␦ gene is known to undergo alternative splicing in the heart and neurons. Recent global analyses of regulated splicing point to a prevalent role of the RNA binding Fox family of splicing regulators (RBFOX) in tissuespecific regulation of alternative splicing (43, 46, 47) . To de- termine whether any tissue-specific factor(s) was sufficient to confer neuronal specific splicing in nonneuronal cells, we individually transfected the expression plasmid for mouse RBFOX1, human RBFOX2, and mouse Nova1 into MEFs. By taking advantage of HA-tagged RBFOX1 and -2 in the expression units, we confirmed equal expression of the factors in transfected MEFs and detected induced inclusion of exon 16 and to some extent exons 15 and 16, to which Nova1 showed a weaker effect (Fig. 5A) . We therefore focused on further characterization of the putative RBFOX binding sites in mediating the induced exon inclusion. Inspection of the RBFOX binding consensus motif in the CAM15/16 minigene suggested two potential sites in intron 16 (Fig. 5B) . We introduced point mutations either alone or in combination to these sites and tested their effects in transfected MEFs. As shown in Fig. 5C , mutations of individual RBFOX binding sites partially impaired the inclusion of exon 16, and combined mutations showed a significant additive effect. Importantly, both single mutants responded to cotransfected mRBFOX1, but the double mutant lost the responsiveness. These data demonstrated regulated exon 16 inclusion by overexpressed RBFOX through their specific binding sites in the minigene. Interestingly, one RBFOX binding site is near the alternative exon 16 and the other is close to the constitutive exon 17. According to the recently established positional rule for RBFOX, the upstream binding site may enhance the selection of exon 16, whereas the downstream binding site may suppress the selection of exon 17 (46) . Thus, these two RBFOX binding sites may act together to promote exon 16 inclusion through strengthening the internal alternative exon and weakening the flanking constitutive exon.
Despite the fact that we could activate the heart-and brainspecific alternative splicing program for the CaMKII␦ gene by overexpressing a tissue-specific splicing regulator, we note that the activation was relatively inefficient, as we could not detect significant inclusion of exons 15 and 16, which is the major isoform in the heart and brain. This observation suggests that the expression of a tissue-specific splicing regulator alone may not be sufficient to fully reconstitute the tissue-specific splicing program of the CaMKII␦ gene in fibroblasts. We reasoned that SR protein-dependent exon skipping might be a key mechanism for full reconstitution of tissue-specific alternative splicing in combination with the action of tissue-specific alternative splicing regulators, such as the RBFOX proteins. We tested this possibility by examining the effect of RBFOX expression in combination with downregulation of SR proteins, a scenario that mimics the expression pattern for RBFOX1/2 and SR proteins in the heart (15, 34, 42) . As shown in Fig. 5D , SRSF2 depletion exhibited a significant synergy with increased RBFOX expression in enhancing the selection of exons 15 and 16 (compare lanes 1 to 3 with lanes 4 to 6). Although without sufficient statistical significance, SRSF1 depletion seems to enhance the selection of exon 16, and to some extent both exon 15 and 16 (Fig. 4D, compare lanes 1 to 3 with lanes 7 to 9) . Together, these results suggest SR protein-dependent exon skipping as a potential key strategy to collaborate with other splicing regulators to activate a full tissue-specific splicing program for the CaMKII␦ gene.
Effects of SR proteins in CaMKII␦ splicing during neuronal differentiation. To further address SR protein-dependent exon skipping in a biological context, we took undifferentiated neuroblast P19 cells to determine the induction of CaMKII␦ splicing during neuronal differentiation and examine how overexpression of an SR protein might interfere with the development of such a neuron-specific program. For this purpose, we constructed a pair of isogenic P19 cells with or without SRSF1 overexpression. Upon the induction of neuronal differentiation by RA, we detected transient induction of the neuronal marker Mash1 in the parental P19 cells (21) , and overexpression of SRSF1 did not have an apparent effect on this induction (Fig. 6A and B) . Similarly, a published study has documented the induction of RBFOX1 and other neuronspecific splicing regulators (14) , which were not affected by SRSF1 overexpression either (Fig. 6C) . These data indicate that the RA-induced transcriptional program is largely intact in SRSF1-overexpressing P19 cells.
We next used semiquantitative PCR to measure CaMKII␦ alternative splicing during neuronal differentiation, and we observed a clear induction of multiple CaMKII␦ isoforms on the parental P19 cells (Fig. 6A, lower panels) . Comparison between parental and SRSF1-overexpressing P19 cells re- vealed the enhanced inclusion of the alternative exon 14, which is consistent with the only SRSF1-responsive ESE present in the exon ( Fig. 2A) , and diminished inclusion of this exon in response of SRSF1 inactivation in the heart (45) . Although the initial induction of SRSF1 appeared coincident with the switch in CaMKII␦ splicing (Fig. 6A) , this elevated expression alone is unlikely responsible for the induction of CaMKII␦ splicing, because of the lack of such induction when SRSF1 was expressed to a comparable level in undifferentiated P19 cells (Fig. 6B) . Importantly, compared to the parental cells, the RA-induced inclusion of the alternative exons 15 and 16 was significantly delayed and overall reduced in SRSF1-overexpressing P19 cells, consistent with a role of this SR protein in suppressing the inclusion of exons 15 and 16. This observation also raises an intriguing possibility that the unexpected induction of SRSF1 may provide an additional mechanism to ensure a gradual switch in CaMKII␦ isoform expression against acute induction of cell-type-specific splicing regulators during neuronal differentiation. Significantly, upon the induction of neuronal differentiation by RA, we detected neuronal cell morphology as well as the induction of expression of the neuronal cell marker ␤-III tubulin in the parental P19 cells (Fig. 6D) . In contrast, overexpression of SRSF1 blocked proper neuronal differentiation of P19 cells, as indicated by the lack of RA-induced projections (Fig. 6D) . Collectively, these data illustrate that regulated expression of certain "general" splicing regulators, such as SRSF1, is also a part of the developmental program for tissuespecific alternative splicing in mammals.
DISCUSSION
Key to the decision to include or skip a particular exon during splicing is the recognition and selection of functional splice sites by specific components of the splicing machinery. This process is controlled by a variety of cis-acting elements and trans-acting regulatory factors. One of the best-characterized trans-regulatory splicing factors is the SR family of RNA binding proteins (7, 12) . While SR proteins are widely known to promote exon inclusion in both constitutive and alternative splicing, increasing evidence now suggests that SR proteins are also involved in suppressing the selection of alternative exons.
While SR protein-dependent exon inclusion has been extensively characterized in many gene models, relatively little is known about the mechanisms underlying SR protein-mediated exon skipping. In several cases, SR proteins appear to interact with specific binding sites in the intron to activate a decoy exon, thereby interfering with the selection of a real exon nearby (3, . In other reported cases, different SR proteins appear to show opposite effects on regulated splicing, but the mechanism has remained elusive (9, 23, 27, 40, 41) . Strikingly, our current work revealed for the first time that both up-and downregulation of SR proteins may induce a similar effect on alterative splicing; this likely accounts for complex regulation of alternative splicing in mammalian cells. By characterizing SR proteindependent exon skipping on the CaMKII␦ model, we now suggest a general model (Fig. 7) for SR protein-dependent exon inclusion or skipping dictated by different binding scenarios: (i) SR protein binding in the intron would trigger a decoy exon to induce exon skipping as previously established; (ii) SR protein binding to the alternative exon would enhance exon inclusion as observed in many well-studied models; (iii) strong SR protein binding to a flanking constitutive exon would force the communication between two constitutive exons, thereby suppressing the inclusion of the internal alternative exon. It is conceivable that different SR proteins may use a combination of these mechanisms to generate a complex pattern of alternative splicing in mammalian cells. Our current work provides further mechanistic insights into several well-established rules in regulated splicing. (i) It has been generally assumed that most constitutive exons may contain strong SR protein binding sites to ensure their inclusion during the splicing reaction. Our results with exon 13 of the CaMKII␦ gene suggest that this may not be true with all constitutive exons, and other strong splicing signals may bypass the need for SR proteins in some cases. (ii) Another major accepted rule in regulated splicing is that the proximal splice sites would be paired if both of the competing splice sites were equally strong or equally weak (5, 6) , implying that the activation or repression of both competing splice sites would enhance the selection of the proximal site. Our data provide further support to this rule by demonstrating the enhanced selection of the weak exon 16 when the downstream competing exon 17 is weakened by ESE mutations or by SR protein depletion. (iii) The model depicted in Fig. 7 also emphasizes the involvement of more than one SR protein in regulated splicing. For example, while SRSF2 depletion would impair its ESE activities on both exon 16 and exon 17, the impact on exon 16 may be minor relative to Model for collaboration between general and tissue-specific splicing regulators in regulated splicing. Strong SR protein interactions on the flanking constitutive exon 17 are responsible for skipping of the internal alternative exon 16. When the strong exon 17 is weakened, either by ESE mutations or by depletion of a trans-acting SR protein, the internal alternative exon 16 is selected, because of its proximity to the upstream constitutive exon 13. Inclusion of exon 16 is further enhanced by two intronic RBFOX binding events, which promote the upstream exon and inhibits the downstream exon, respectively. Downregulation of SR proteins in combination with other splicing regulators, such as RBFOX, may constitute a general strategy to achieve synergistic regulation of tissue-specific alternative splicing. exon 17, thereby elevating the contribution of other SR proteins acting on exon 16. Such collaboration between different SR proteins may also underlie the observed synergy with the RBFOX family of splicing regulators, as an RB-FOX bound upstream of the 3Ј splice site is able to interfere with SR protein binding to the downstream exon (49) . Thus, RBFOX may contribute to the repression of overall SR protein binding on the constitutive exon 17, thus creating a synergy with depletion of a particular SR protein.
Last, but not least, SR proteins have been considered general splicing factors or regulators, as they are ubiquitously expressed in most cell types, and their homeostasis appears to be maintained by autoregulation and cross-regulation loops among the SR protein-coding genes (26) . Now, there is a need to modify such a static view of SR proteins, as they are clearly subjected to regulation at the transcriptional and posttranscriptional levels in different cell types and tissues. In fact, SR proteins exhibit tissue-specific expression, particularly in the heart (15), and SRSF1 has been found to vary dramatically in human cancers (24) . In the present study, we noticed an intriguing induction of SRSF1 mRNA followed by a progressive decline during neuronal differentiation in P19 cells. Indeed, perturbation of SRSF1 expression in this system not only impaired CaMKII␦ splicing but also blocked RA-induced cell differentiation. These findings have thus put the regulation of SR protein expression and SR protein-mediated splice site selection in a biological context, emphasizing their contribution to tissuespecific alternative splicing through functional synergies with other tissue-specific splicing regulators in the development of the neuron-specific splicing program.
